The current and future emissions regulations and demands on internal combustion engines have increased the need for improvement of the thermal design and engine efficiency. This paper reports an initial investigation concerning in-cylinder heat transfer. In addition, a literature review in this field is presented. It was found that no extensive application studies have been performed on full cylinder heat transfer by taking the effect of combustion and gas exchange into the account. The available literature is mainly focused on individual component studies and sub-model improvements.
Introduction
With todays strict requirements on internal combustion (IC) engine performance, with regards to emissions, it becomes more important to obtain optimized engine design, using computational fluid dynamics (CFDs) tools. The latest developments in IC engine design are leading towards smaller, more compact and efficient engines, which prove to be quite demanding on the combustion control and engine components of the engine, where the heat transfer coefficient is one of the boundary conditions, such as in [2] . Other studies, such as [16] , use the onedimensional codes in order to obtain wall temperatures as boundary conditions, in order to simplify the computational domain. Along with more computational power, more and more researchers have included both the bulk gas and the solid regions in the computational domain, which means that the wall temperatures are resolved in the CFD simulation [17] [18] [19] [20] [21] [22] [23] .
The development of CFD models for diesel engine application is an ongoing process. Reitz and Rutland [24] list a few of the models needed in order to successfully simulate a diesel engine cycle, as well as their development until 1995. Since then, there have been vast improvements, such as the formulation of temperature wall functions [25] and near wall treatment for turbulence in combination with conjugate heat transfer [26] , to name a few.
In the work presented here, the effects of heat transfer from the variation of different geometrical and operational parameters are studied by using the CFD tools AVL FIRE and AVL ESE Diesel.
Problem statement
In order to determine the in-cylinder heat transfer for the different simulation cases presented in the next section, a segment of an engine cylinder was created using AVL ESE Diesel, and this is used throughout the simulation process. The engine geometrical parameters used in this work are specified in Table 1 . The main computational grid consists of an average cell size ranging from 0.75 to 1.00 mm. At the wall boundaries there are two layers, 0.20 mm in thickness, which are supposed to capture the phenomena occurring in the thermal boundary layer. The simulated segment only encloses a fuel spray from one orifice of the injection nozzle and the assumption of a cyclic symmetry is made. The number of angular subdivisions in this segment is 17, i.e., there are 17 computational cells in the angular direction. These specifications lead to grid densities of 35.000 and 62.000 computational cells at TDC and BDC, respectively. The computational mesh of the combustion bowl at TDC is shown in Figure 1 .
The governing equations for unsteady, compressible turbulent flow along with the energy equation and species transport were solved from IVC to EVO, by the commercial CFD code AVL FIRE [27] . The turbulent flow field is modeled with the k-zeta-f model, using hybrid wall treatment and standard wall functions for the wall heat transfer. The combustion model used is the so-called ECFM-3Z version of the coherent flame model. Other physical phenomena accounted for in the simulation are evaporation and breakup, described by the Dukowitz and Wave models, respectively, while soot and NO formation are predicted by the Lund Flamelet model and the extended Zeldovich mechanism, respectively. All models used are described and referenced in the AVL FIRE v2009 user manual [27] . All initial and boundary conditions used in this work, and presented in the next section, were provided by a 1D gas exchange code simulation.
Boundary conditions
The duration time of the simulation is kept constant for all cases, i.e., the valve timings are not changed. The inlet valve is closed at 160 CAD before TDC (BTDC), while the exhaust valve opens at 130 CAD after TCD (ATDC). The engine cylinder was initialized every simulation run with the pressure of 4.35 bar, temperature of 411 K and the swirl number of 1.5. The fuel used in the simulations was AVL's predefined diesel fuel and the EGR level at IVC was set to a mass fraction of 28%. Out of these parameters, the swirl number and EGR level will be changed in the parameter sweep, presented in Table 2 .
The total amount of fuel used in the whole cylinder is 98.32 mg, which means that the amount of fuel in the engine segment of the baseline case is roughly 14 mg (one seventh). The nozzle hole diameter, which is 0.169 mm, determines the size of the biggest droplets inside the computational domain. The injection of fuel is started at the top most position of the piston (TDC) and as seen in Table 2 its duration varies from 30 to 34 CAD. The table even shows the variation in the spray angle, which varies from 140 to 160
• , and engine speed, which varies from 2000 to 3000 RPM. Other parameters altered during the simulations are EGR level, swirl level and the number of injector holes, which calls for computational grids of different sizes since the computational domain only encloses one spray. The total number of simulation runs performed was therefore 1 + 12 = 13 runs.
As for the thermal boundary conditions at the wall regions, all walls have been assigned constant temperatures. The piston wall and the cylinder head have both been assigned a temperature of 550K and the cylinder liner has been assigned a temperature of 460K.
Results
In this section the result from the simulations will be presented in the form of heat flux to boundary walls and the corresponding heat transfer coefficients (HTC). In order to estimate the effect on the indicated engine output for each simulation run, the mean pressure trace will be used to evaluate the indicated mean effective pressure of the combustion stroke (IM EP co ). This value is not to be confused with the conventional engine IMEP, which is normally an estimation of the whole cycle, including the gas exchange part. Furthermore, to observe if the combustion itself will be affected in the simulation run, the rate of heat release (RoHR) is examined as a function of crank angle degree.
Baseline case
The heat flux values of the baseline case can be found in the first row of Table 3 as well as the solid lines of all the plots in Figure 2 , where the rate of heat release, with the units [J/CAD] is plotted as a function of crank angle degree. The rate of heat release curve presented here is typical for a diesel combustion, where there is a short peak in heat release shortly after injection (∼5 CAD), followed by a broader, longer peak. The shorter peak is representative for the premixed part of the combustion, while the larger, more dominant part, is representative for the diffusion flame. It is worth mentioning that the heat release curves presented here are scaled up to the full cylinder, i.e., the result for a 1/7 segment of the engine have been multiplied by 7 in order to obtain the total rate of heat release for the cylinder. As mentioned above, Table 3 . The results show that in this case the total heat transfer during the combustion phase is highest at the piston surface.
Engine speed
From the heat release curve, at the top left corner of Figure 2 , it can be seen that the effects of engine speed are most clearly visible in the "premixed" part of the combustion process, during the first five crank angle degrees. speed, however, seem to be less on the diffusion flame, which occurs later in the expansion stroke of the engine. When examining the values in Table 3 , it can be found that without considerable change in the output effect (IMEP co ), the heat transfer characteristic shows a considerable change with variable engine speeds. It is evident that with doubled engine speed, the heat transfer rate to the walls is roughly doubled. This is somewhat expected, since the gas velocity inside the engine cylinder scales with piston speed and therefore, the heat transfer also scales almost linearly with the piston speed.
EGR
The effects of EGR level variation on the rate of heat release are shown at the top right corner of Figure 2 . Changing the EGR mass fraction from 0.25 to 0.35 does not seem to effect the heat release rate. This might indicate that there is enough amount of oxidants in the system to completely combust the fuel in the cylinder, even though combustion products are recirculated into the combustion event. The values from the table show that the effects on wall heat transfer are minimal, but the trend in the effect output show a small decrease in IMEP co with a higher EGR mass fraction. Normally EGR is used in combustion engines in order to lower the combustion temperature for the purpose of emission control. This is usually followed by a penalty in the output effect, shown here by the decreasing trend of the IMEP co variable.
Swirl
The heat transfer results for swirl in Table 3 show no significant change in the wall heat flux for the piston and head surfaces, but a slight decrease (∼ 11%) in liner heat flux was discovered with an elevated swirl number from 1.4 to 1.8. The values for the integrated heat transfer coefficient are a bit more sensitive to the change in swirl level. The values for the IMEP co show a minimal increase with the higher swirl number. The effects on the heat release rate, shown in the middle left part of Figure 2 , are almost non-existent. The swirl level normally enhances the mixing of fuel and air in the combustion bowl and the almost non-existent change in effect and heat transfer characteristics indicate that this swirl level does not severely effect the fuel-air mixing inside the current combustion bowl shape.
Spray angle
The effects on the heat release rate from variable spray angle are shown in the middle left part of Figure 2 . The heat release rate seems to be extremely sensitive to the angle with which the fuel is injected at. Each combustion bowl shape has its optimal injection angle, for the best possible fuel-air mixing process. For this particular bowl shape, the 140
• injection angle seems to provide the best fuelair mixing, as well as the highest IMEP co . This, however, comes with the price of higher heat fluxes to all wall surfaces. The extremely poor combustion for the 180
• angle can be explained by the fact that the fuel is injected along the cylinder head and most likely straight into the squish area. This will lead to poor fuel-air mixing and poor combustion, leading to low peak temperatures and low mechanical work output.
Injection duration
Changing the duration time of the fuel injection, keeping the total fuel mass constant, clearly effects both the heat release rate and the wall heat transfer, as shown Table 3 . Furthermore, increasing the duration of 4 CAD lowers the IMEP co from ∼16 bar to ∼14.5 bar. It is clear that with a shorter injection duration, more fuel is injected at each crank angle degree and assuming that there is enough oxygen for complete combustion, the shorter injection duration should increase the heat release rate during the injection. In this case it seems to be so.
Number of injection holes
With the number of injection holes changed from six to eight, seven being the reference case, there seems to be a significant impact on the heat release rate and the wall heat transfer, without significant changes in the combustion IMEP. This is the only case in this 12+1 simulation runs which has required the generation of new meshes for each parameter, i.e., the size of the three engine segment meshes here is not the same (1/6, 1/7 and 1/8). This means that the computational volume has changed, however, the total amount of fuel injected in the segment was adjusted accordingly. Since the volume has changed, the segment including the smaller volume might encounter stronger interactions with the adjacent spray, i.e., the cyclic symmetry assumption might be somewhat questionable for a too small volume.
Discussion
The literature study included in the introduction shows that the knowledge on the heat transfer processes in the combustion engine is a vital subject for the optimized operation of the engine. Today there are few investigations that have focused on the cylinder as a whole when it comes to heat transfer applications, whereas most researchers have chosen, for various reasons, to focus on individual engine components or improvements on individual models. The combination of those should, however, be used in an application study in order to quantify the effect of heat transfer at various load points and configurations.
From the engine segment simulation parameter study, it can be assumed that for the given combustion bowl the injection properties, i.e., spray angle and injection duration etc., are critical when it comes to wall heat transfer. This is mostly due to the fact that these parameters determine the quality of the combustion, and therefore the peak temperature achieved in the combustion phase. Other parameters that significantly effect wall heat transfer for the given combustion bowl shape showed to be engine speed and number of injection nozzles. It is clear that for any combustion bowl shape, the heat transfer coefficient and, therefore, wall heat fluxes will scale with the bulk gas velocity, which scales linearly with the piston speed. However, the observed effects from the number of injection nozzles on the wall heat transfer are somewhat unexpected and need further investigation.
The fact that the EGR mass fraction did not effect the wall heat fluxes more than observed, was not really expected. This might, however, be explained by the fact that the load point selected in this case, i.e., amount of fuel used etc., cancels out the expected cooling effects of an elevated EGR mass fraction. In this moderate, as it seems, load point, the fuel is fully consumed even though more EGR is used, indicating sufficient oxygen levels in the mixture at all times.
No significant changes in wall heat transfer were observed for the variation of swirl levels. The values chosen were obviously not far enough apart to effect the combustion and heat transfer processes, since the load point was not a full load one. This should in fact be examined with a full load case for more detailed evaluation, since at a full load point the fuel-air mixing should be more sensitive to variation in swirl levels.
Conclusions
Further knowledge on the temperature distribution inside an engine cylinder as well as the heat transfer process is critical in order to produce engines with higher specific power output, as well as lower emissions. In theory, the theoretical efficiency of the diesel thermodynamic cycle is proportional to the ratio of the peak temperature and the ambient inlet temperature in the system. This poses requirements on the material side which have no solutions, so in order to raise the efficiency of the engine, a detailed knowledge of the thermodynamic behavior of the system is required. This work is a first step on the way towards deeper understanding of this phenomenon, and the parameter study included in this paper highlights briefly how some parameters can affect the in-cylinder heat transfer. This study should be extended to include more parameters and evaluation of the individual models used to obtain the current results.
